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Abstract
The original Shockley-Read-Hall recombination statistics is extended to include recombination of lo-
calized excitations. The recombination is treated as a bimolecular process rather than a monomolecular
recombination of excitons. The emphasis is placed on an interplay between two distinct channels of ra-
diative recombination (shallow localized states vs extended states) mediated by trapping of photogenerated
charge carriers by non-radiative centers. Results of a numerical solution for a given set of parameters are
complemented by an approximate analytical expression for the thermal quenching of the photolumines-
cence intensity in non-degenerate semiconductors derived in the limit of low pump intensities. The merit of
a popular double-exponential empirical function for fitting the thermal quenching of the photoluminescence
intensity is critically examined.
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I. INTRODUCTION
Compound semiconductors and their solid solutions grown at non-equilibrium conditions are
susceptible to formation of defect states (deep traps)1,2. Those defects act as non-radiative re-
combination centers and limit a carrier lifetime, in particular at higher temperatures. This process
competes with band-to-band radiative recombination that involves extended as well as shallow
localized states (see Fig. 1) formed due to composition fluctuations3. The non-radiative recombi-
nation manifests in quenching of the photoluminescence (PL) yield η with increasing temperature
T that is accessible experimentally for a wide range of materials, including recent studies of hy-
brid halide perovskites4–6, 2D materials7, group III-V dilute bismides8,9, and GaN:Mg10. Measure-
ments of η(T ) provide access to material characteristics—such as a localization energy, density of
localized states and traps—when combined with a physics-based theory.
Under continuous-wave (CW) excitation conditions, the carrier generation rate G is balanced
by radiative and non-radiative recombination rates
G = Rr +Rnr. (1)
The PL yield can be expressed in terms of the non-radiative recombination rate as
η = 1−Rnr/G. (2)
Shockley, Read, and Hall11,12 (SRH) proposed the non-radiative recombination rate in the form
Rnr =
CnCpNtpn
Cnn+ Cpp
, (3)
where n and p are the concentration of electrons and holes in extended states, Cn and Cp are
the corresponding capture coefficients, and Nt is the trap density. Here, the thermal generation
is assumed to be negligible (see note in Sec. II). SRH expression is widely used to describe re-
combination via traps in device simulations13. Equation (3) is general and does not require a
modification even in the presence of localized states. However, the presence of localized states
will greatly influence the carrier concentrations n(T,G) and p(T,G). Finding an exact analytical
solution taking into account various competing processes (even without involving localized states)
is a formidable task. This inspired a number of approximations and Monte-Carlo simulations in
attempt to describe η(T ) dependence that will be briefly reviewed below.
Starting with Gee and Kastner 14 , a stream of theories emerged where localized states are ex-
plicitly considered as the only source of radiative recombination. The non-radiative recombination
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was attributed to a thermal activation of excitons from localized states to the mobility edge. This
model was later augmented15 to include recapture of excitons into radiative states with the prob-
ability of Nl/(Nt + Nl), where Nt and Nl correspond to the concentration of non-radiative traps
and localized states, respectively. Shakfa et al. 16 supplemented the ratio of concentrations with
different capture cross sections for traps and localized states. The relative PL yield as a function
of temperature becomes14–16
η =
[
1 + ν0τ0
σtNt
σlNl + σtNt
exp
(−El
kT
)]−1
(4)
for a set of localized states with the localization energy El. Here, ν0 is the attempt to escape
frequency, τ0 is the radiative lifetime of excitons captured into localized states, σ is the capture
cross section which is different for two kind of states, and k is the Boltzmann constant. The
advantage of Eq. (4) is that it can be readily extended to an arbitrary function for the density of
localized states. However, this stream of theories has two deficiencies: (i) excitons are assumed
even at temperatures kT that greatly exceed the exciton binding energy, and (ii) extended states
are assumed to be dark. The second limitation was lifted by Jandieri et al. 17 , but the analysis was
presented for T = 0 K only.
Among empirical dependencies for fitting the temperature quenching of the integrated PL in-
tensity, a double-exponential function is a popular choice18
η =
[
1 + CA exp
(−EA
kT
)
+ CB exp
(−EB
kT
)]−1
. (5)
It incorporates two thermally activated non-radiative recombination channels A and B, character-
ized by activation energies EA < EB. The energy barrier EA is typically of the order 10 meV19. It
is often ascribed to release of carriers from localized state implying thatEA = El similar to Eq. (4).
The energy EB is of the order of 100 meV, and its interpretation is more broad, including confine-
ment energy for quantum heterostructures19 or a reorganization energy associated with vibronic
transitions20. The pre-exponential factors (typically, CA  CB) are interpreted as a ratio between
radiative and non-radiative lifetime for each individual channel21. This ratio is proportional to the
concentration of non-radiative centers22. Equation (5) performs remarkably well for a variety of
materials including chlorine-doped ZnSe layers23, Ga(AsSbN) quantum wells24, and hybrid halide
perovskites CH3NH3PbBr35 to name a few. However, a relation between the double-exponential
dependence and the SRH statistics remains obscure.
The goal of this paper is to bridge the gap between the original SRH recombination statistics,
which exclusively relies on extended states, and the stream of theories that focus on recombination
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of localized excitations. The model proposed here extends the well-established SRH recombina-
tion statistics and explicitly includes localized states as illustrated in Fig. 2. The recombination
is treated as a bimolecular process rather than a monomolecular recombination of excitons, as
the former is physically more plausible for a wide range of temperatures. It is anticipated that
localized states will have a profound influence on the recombination statistics and its temperature
dependence. The emphasis is placed on an interplay between two distinct channels of radiative re-
combination (shallow localized states vs extended states) mediated by trapping of photogenerated
charge carriers by non-radiative centers. The final goal is not only to present a numerical solu-
tion for a given set of parameters, but also to derive an approximate analytical expression for the
thermal quenching of the PL intensity in non-degenerate semiconductors at the limit of low pump
intensities. The result is later compared to the double-exponential Eq. (5) to discuss its merit.
II. RATE EQUATIONS
Relevant excitation and recombination processes are illustrated in Fig. 2. They include transi-
tions originally considered by Shockley and Read 11 and additional ones due to localized states.
All recombination events are treated as bimolecular processes that require the knowledge of con-
centration of electrons and holes. The total concentration of electrons is subdivided into three
components, which represent free electrons at the mobility edge nc, electrons trapped into non-
radiative deep centers nt, and those captured into localized states nl. Their time evolution is
governed by the set of coupled non-linear rate equations presented below:
dnc
dt
=− Cnnc(Nt − nt)− Cnnc(Nl − nl)
+ CnnlNc exp
(−El
kT
)
−Bcvncp+G. (6)
Here, the order of terms corresponds to the processes 4, 2, 3, 6, and 1 shown in Fig. 2. The
comprehensive list of model parameters can be found in Table I. The rate equation for electrons in
deep traps is
dnt
dt
= Cnnc(Nt − nt)− Cpntp. (7)
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The two terms represent processes 4 and 7 in Fig. 2. The rate equation for electrons in localized
states is
dnl
dt
= Cnnc(Nl − nl)− CnnlNc exp
(−El
kT
)
−Blvnlp, (8)
where the terms reflect processes 2, 3, and 7 in Fig. 2. The concentration of holes is governed by
dp
dt
= −Cpntp−Bcvncp−Blvnlp+G. (9)
The order of terms is mapped to processes 5, 6, 7, and 1 in Fig. 2. The focus of this paper is on
the CW excitation condition, i.e., we are looking for a steady-state solution of Eqs. (6)–(9).
It should be noted that the temperature enters into the model not only through the exponential
term exp(−El/kT ). The capture coefficients are proportional to the thermal velocity of charge
carriers leading to Cn, Cp ∝ T 1/2 (Table I). The effective density of extended states also depends
on the temperature asNc ∝ T 3/2. The bimolecular recombination coefficients are kept temperature
independent for the sake of simplicity.
The original Shockley and Read 11 model also includes thermally-assisted release of electrons
trapped into deep non-radiative states and capture of electrons from the valence band. These pro-
cesses are disregarded here for simplicity. This assumption can be justified, provided the following
conditions are fulfilled: Et ≈ Eg/2, kT  Et and the photo-generation rate G is high enough to
keep ncp NcNp exp(−Eg/kT ) at all temperatures under consideration.
III. RESULTS AND DISCUSSION
A. Critical temperature Tc
Temperature-dependent PL measurements performed on disordered semiconductors often re-
veal a so-called “S-shape” shown schematically in Fig. 1. Here, the low-temperature PL is at-
tributed to emission from localized states, while the high-temperature PL is dominated by recom-
bination of free charge carriers. The transition between two regimes occurs at a critical temperature
Tc. This temperature corresponds to a simultaneous broadening and shift of PL spectrum to higher
energies. This effect is also sensitive to the pump intensity G8, which is related to saturation of
localized states at high intensities. The saturation generation rate can be defined as
G0 = BlvN
2
l , (10)
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which represents the upper limit of the radiative recombination rate through localized states under
CW excitation. The low excitation intensity conditions are referred to G/G0 < 1.
The relative contribution of the two radiative channels (Rr,lv for localized states and Rr,cv for
extended states) to PL as a function of temperature is shown in Fig. 3. Results are presented
for three G/G0 ratios to illustrate a difference between low and high excitation intensities. The
excitation intensity affects the low-temperature PL composition in favor of recombination from
localized states at low intensities. The transition temperature kTc ≈ 0.01 eV corresponds to the
equal ratio of localized/extended states contribution to PL. We can see that it is less than the
localization energy El = 0.02 eV used as the model parameter.
At the crossover temperature Tc both localized and extended electron-hole pair recombination
rates have equal contribution
Blvnlp = Bcvncp, (11)
which yields the ratio of electron concentrations
nl
nc
=
Bcv
Blv
. (12)
At steady-state conditions and G < G0 (i.e., Nl − nl ≈ Nl), Eq. (8) yields
CnncNl − CnnlNc exp
(−El
kT
)
−Blvnlp = 0. (13)
Since Tc is high enough, most of the generated carriers recombine non-radiatively. The hole
concentration can be approximated as
p ≈
√
G/Cp. (14)
It originates from Eq. (9) after neglecting radiative terms and taking into account that the majority
of photogenerated electrons reside in traps, implying nt = p at T & Tc (see Fig. 4). After
combining Eqs. (12)–(14) we obtain
Tc = −El
{
k ln
[
Blv
Nc
(
Nl
Bcv
−
√
G/Cp
Cn
)]}−1
(15)
It is a transcendental equation since Nc, Cn, and Cp also depend on temperature (see Table I). The
analytical expression yields kTc = 0.011 eV, which agrees with the numerical result in Fig. 3. The
dominant term in the square brackets in Eq. (15) isBlvNl/BcvNc = 0.15 at Tc. It is responsible for
a sizable difference between kTc andEl. It should be mentioned that qualitatively similar behavior
is observed when recombination of localized excitons is considered25.
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B. Numerical results for η(T )
The radiative recombination efficiency is shown in Fig. 5 as a function of temperature at sev-
eral generation rates. The generation rates are selected such as to cover the range of high rates
(G/G0  1, saturated localized states), low rates (G/G0  1, negligible population effects), and
an intermediate condition. The thermal quenching of PL is most pronounced at low generation
rates; it drops by 3 orders of magnitude when approaching the room temperature. The PL effi-
ciency shows a characteristic plateau at low temperatures that is often observed experimentally.
Previously, it was attributed to a hopping energy relaxation of recombining excitations15. Current
results suggest that the same effect can also be observed in a multiple trapping regime even with
a monoenergetic distribution of localized states. It is intriguing to decompose the PL quenching
into contributions from localized and extended states.
Dashed lines in Fig. 5 correspond to the same material parameters (density of traps, etc.) with
processes 2, 3, and 7 (Fig. 2) eliminated from the model. The remaining processes are those
limited to extended states and traps considered originally by Shockley and Read 11 . The PL yield
without localized states demonstrates a non-exponential (power) temperature dependence
ηSRH ∝ Tα (16)
with α = −1.1 . . .− 0.6 for different generation rates G. Its origin will be discussed later.
Interestingly, the model with localized states and the original SRH model agree in the limit of
high temperatures or high excitation intensities. Neither Eq. (4) nor Eq. (5) allude to this result.
The PL yield η in the presence of localized states is substantially higher than in the case of free
carrier recombination. Thus, localized states promote the radiative recombination, particularly at
low temperatures. This conclusion is not apparent in the framework of the excitonic model15,16,
where only one source of radiative recombination (localized states) is considered.
At first glance, this result seems contradicting experimental observation. Usually, crystalline
semiconductors with a strongest localization (e.g., dilute nitrides and bismides) also exhibit great-
est PL thermal quenching. The key factor here is growth conditions26. Highly mismatched alloys
are grown at non-equilibrium growth conditions that favor incorporation of nitrogen or bismuth.
Their growth is also accompanied by a higher defect/trap density Nt at the same time.
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C. Analytical approximation for η(T )
The nonlinear set of Eqs. (6)–(9) is prohibitively complicated for a general solution even in the
steady-state regime. Our strategy is to derive analytical approximation for two limits (T = 0 K
and T > Tc) and combine them together. We will aim at G  G0 as it is the most interesting
regime for studding traces of localization. Also, we can neglect finite population effects in this
regime, assuming that the carrier density is much less than the density of states (including traps).
The starting point is Eq. (2) with the non-radiative rate Rnr approximated as [see Eq. (7)]
Rnr ≈ CnncNt (17)
with the unknown temperature-dependent concentration of free electrons nc.
In the low-temperature limit radiative recombination of free carriers and thermal excitation of
electrons captured in localized states can be neglected. Under such circumstances, Eq. (6) takes
the form
G = CnncNl + CnncNt. (18)
It leads to the free electron concentration
nc(T = 0) =
G
Cn(Nl +Nt)
. (19)
After combining Eqs. (2), (17), and (19) we obtain the radiative efficiency in the low-temperature
limit
η(T = 0) ≈ Nl
Nl +Nt
. (20)
In the high-temperature limit (T > Tc), it is convenient to present the steady-state limit of
Eq. (6) using Eq. (8) as
G = Blvnlp+ CnncNt +Bcvncp (21)
Here, the balance of capture and release from localized states is replaced by the recombination
rate from localized states. Even though the term Blvnlp in Eq. (21) is not the leading term, it is
kept for the sake of comparison of the result with the low-temperature limit at a later stage. At
high temperatures localized and extended states have equal fractional occupancy leading to
nl
nc
=
Nl
Nc
. (22)
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Combining this result and Eq. (14), the high-temperature radiative rate from localized states be-
comes
Blvnlp = Blvnc
Nl
Nc
√
G/Cp. (23)
The equilibrium concentration of free electrons can be found after combining Eqs. (14), (21), and
(23)
nc(T > Tc) =
G
CnNt +Blv(Nl/Nc)
√
G/Cp +Bcv
√
G/Cp
. (24)
After combining Eqs. (2), (17), and (24) we obtain the radiative efficiency in the high-temperature
limit
η(T > Tc) ≈ 1−
(
1 +
BlvNl
NtNcCn
√
G/Cp +
Bcv
CnNt
√
G/Cp
)−1
. (25)
The obtained result has a general form of
η ≈ 1− (1 + ulv + ucv)−1, (26)
where u is a ratio between a radiative recombination rate for a specific channel and the non-
radiative recombination rate
ulv(cv) =
Rr,lv(cv)
Rnr
. (27)
Since the free carrier recombination dominates at high temperatures and low generation rates
(Fig. 3), Eq. (25) can be further simplified
η(T > Tc) ≈ Bcv
CnNt
√
G/Cp. (28)
Generalization of η to an arbitrary T requires a better approximation for ulv. Equations (20)
and (25) infer the low- and high-temperature limits
ulv =
Nl/Nt if T = 0,(Nl/Nt) (Blv/NcCn)√G/Cp if T > Tc. (29)
Since the carrier release from localized states is an activated process, we can employ an exponen-
tial sigmoidal function
ulv(T ) ≈ Nl/Nt
1 + (NcCn/Blv)
√
Cp/G exp(−El/kT )
(30)
to approximate the T dependence with proper limits and the activation energy El.
After substitution of Eq. (30) into Eq. (26) the expression for the temperature-dependent PL
intensity reads
9
η(T ) ≈ 1−
{
1 +
Nl
Nt
[
1 + A◦1
(
T
T ◦
)α1
exp
(−El
kT
)]−1
+ u◦cv
(
T
T ◦
)α2}−1
. (31)
Here, the degree symbol (◦) indicates a value of material parameters taken at standard conditions.
The following dimensionless parameters are used
A1 =
NcCn
Blv
√
Cp
G
(32)
and
ucv =
Bcv
CnNt
√
G/Cp. (33)
The exponents
α1 = 3/2 + 1/2 + 1/4 = 9/4 (34)
and
α2 = −1/2− 1/4 = −3/4 (35)
are governed by the temperature dependence of Cp, Cn, and Nc (Table I). The expectation value
for α2 agrees with the exponent in Eq. (16) obtained by fitting to numerical results.
Figure 6(a) illustrates a comparison between the exact numerical solution and Eq. (31) with
model parameters from Table I. It should be stressed that the solid line in Figure 6(a) is not a
fitting to the data points. We can see that η(T ) is governed by recombination of localized carriers
at T < Tc and free carriers at T > Tc. The agreement between the approximate analytical solution
and numerical results is satisfactory.
Performance of a single-exponential form of Eq. (5) is evaluated by fitting to the exact nu-
merical results in Fig. 6(b). The single-exponential form is selected due to the presence of only
one non-radiative channel in our model. The success or failure of the fitting function is judged
based on its ability to extract meaningful material parameters rather than a minimum of the resid-
ual error on the plot. The extracted fitting parameters are CA = 5.8 × 103 and EA = 0.035 eV.
The pre-exponential factor is the radiative/non-radiative lifetime ratio in the high-T limit, which
corresponds to the inverse ratio or rates (u◦cv)
−1 = 2.0× 103 that agrees reasonably well with CA.
This factor is indeed proportional to the trap density Nt as can be seen in Eq. (33). The apparent
activation energy EA overestimates the localization energy El = 0.02 eV almost twice.
The fitting performance of Eq. (31) was also tested and shown in Fig. 6(b). The fit yields
u◦cv = 7.5×10−4 vs the anticipated value of 5.1×10−4, El = 0.021 eV vs 0.02 eV, and α2 = −1.1
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vs −3/4. Even though Eq. (31) is more complex, it provides more reliable parameters that the
single-exponential Eq. (5).
D. Proportionality between generation and radiative recombination rates
Mazur et al. 27 noted that the PL intensity in GaAs1−xBix/GaAs quantum well is linearly pro-
portional to excitation intensity G at a low temperature and low G; the dependence becomes
weaker at higher G’s. On the other hand, a superliner dependence of the PL intensity vs G was
reported for CH3NH3PbBr3 films with the exponent of 1.25. The exponent also tends to increase
with temperature for (GaIn)(SbBi) and Ga(AsBi) layers8,28.
Results of calculations obtained in the framework of the present model (Fig. 7) suggest a gen-
eral relationship between excitation and recombination rates in the form
Rr ∝ Gβ. (36)
The exponent β = 0.7 − 2.2 is sensitive to the presence of localized states in the model and
also varies with the temperature and excitation intensity very similar to the experimental report
by Wilson et al. 8 . It approaches the value of β = 1 at low G and T only when localized states
dominate in the PL emission (purple circles in Fig. 7). The original SRH model (without localized
states) has a different exponent β ≈ 3/2 under identical conditions (purple dashed line in Fig. 7).
The same exponent (β ≈ 3/2) is observed in the model with localized states at high temperatures
T > Tc and low generation rates G < G0.
Next, we consider few limiting cases to elucidate the origin of the exponent β in Eq. (36). The
generation and recombination rates are linked via
Rr = η G, (37)
that results from Eqs. (1) and (2). Thus, the linear proportionality between generation and recom-
bination (β = 1) is only possible when the PL yield η is independent of the excitation intensity.
It is the case at T  Tc and low G < G0 when localized states are present. The PL efficiency is
then governed by Eq. (20) that yields the proportionality
Rr(T  Tc) ≈ Nl
Nl +Nt
G. (38)
11
At higher temperatures (T > Tc) the PL yield η becomes G dependent as approximated by
Eq. (28). As a result, the recombination rate becomes a superlinear function of generation
Rr(T > Tc) ≈ Bcv
CnNt
√
Cp
G3/2. (39)
This result is different from β = 0.5 and 2 suggested by29 for free-to-bound exciton transitions
and free carrier recombination, respectively.
The sublinear dependence (β < 1 as observed in Ref. 27) occurs only in the model with
localized states at T  Tc and G ∼ G0 (Fig. 7). The generation rate is governed by the excitation
energy flux. The order of magnitude of G for solar cell applications can be estimated from a
product of the photon flux Φ and the absorption coefficient. Taking the photon flux of Φ =
3 × 1017 cm−2 s−1, which corresponds to the energy flux of 1000 W m−2 at the average photon
energy of 2 eV for ×1 sun irradiation, and the absorption coefficient of 104 cm−1, we obtain
G ∼ 3 × 1021 cm−3 s−1. This value corresponds to 10−3G0 for the set of material parameters in
Table I. Thus, it is possible to reach saturation of localized states under ×1000 concentrated sun
light, which is realistic under operating conditions for multi-junction solar cells.
IV. CONCLUSIONS
The model proposed here extends the well-established Shockley-Read-Hall recombination
statistics and explicitly includes localized states. The recombination is treated as a bimolecular
process as it is physically more plausible for a wide range of temperatures. The band-to-band ra-
diative recombination involves extended as well as shallow localized states. The low-temperature
photoluminescence (PL) is attributed to emission from localized states, while the high-temperature
PL is dominated by recombination of free charge carriers. The transition temperature correspond-
ing to the equal ratio of localized/extended states is linked to the localization energy El, however,
this temperature is significantly less than expected from El/k. It is a relatively high effective den-
sity of extended states in the conduction band that promotes thermal release of electrons captured
into localized states.
The original Shockley-Read-Hall model (i.e., without localized states) demonstrates a non-
exponential (power) temperature dependence of the PL yield. In the presence of localized states,
the thermal quenching of PL is most pronounced at low excitation rates when the localized states
are not fully saturated. Both models (with localized states and the original Shockley-Read-Hall
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model) agree in the limit of high temperatures or high excitation intensities when the extended
states contribute most to the PL. Localized states promote radiative recombination at low temper-
atures and enhance the radiative recombination efficiency.
An analytical expression is derived for the temperature-dependent PL yield showing the in-
terplay between two radiative recombination channels. It is compared to a widely-used double-
exponential empirical dependence for the thermal quenching of the relative PL intensity. Physical
merit and ability to extract material parameters, from fitting to exact numerical solution is tested.
The newly proposed expression provides more reliable material parameters, especially the local-
ization energy. Additional insight is given to a pre-exponential factor used in the empirical expres-
sion. It is linked not only to the trap density, but also to electron and hole capture coefficients, a
bimolecular recombination coefficient for extended states and the excitation rate.
Finally, a relationship between excitation and radiative recombination rates is established. The
radiative recombination is linearly proportional to excitation only at low temperatures and low
generation rates when localized states dominate in the PL emission. The radiative recombination
of excitations from extended states shows a superlinear dependence on the generation rate with the
exponent of 3/2.
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TABLE I. List of material parameters that enter the model. Temperature-dependent quantities are marked
with (T ). The degree symbol (◦) indicates a value of material parameters taken at standard conditions
(T ◦ = 300 K).
Symbol Description Value Units
El Localization energy relative to Ec (Fig. 2) 0.02 eV
Nc(T ) Effective density of extended states in the conduction band 4.5× 1017(T/T ◦)3/2 cm−3
Nv(T ) Effective density of extended states in the valence band 20Nc(T ) cm−3
Nl Density of localized states (2/5)N◦c cm−3
Nt Density of deep traps Nl/10 cm−3
σn Electron capture cross section for localized states and deep trapsa 5× 10−13 cm2
vth(T ) Electron thermal velocity 4.4× 105(T/T ◦)1/2 cm s−1
Cn(T ) Electron capture coefficient for localized states and deep traps σnvth(T ) cm3 s−1
Cp(T ) Hole capture coefficient for deep traps Cn(T )/10 cm3 s−1
Bcv Bimolecular recombination coefficient for extended statesb 7× 10−10 cm3 s−1
Blv Bimolecular recombination coefficient for localized states Bcv/10 cm3 s−1
a The same cross section is assumed for localized states and deep traps to make the algebra more simple.
b The bimolecular recombination coefficient is assumed temperature independent since a functional form of this
dependence is unknown. However, it generally shows a strong temperature dependence with a tendency to
decrease with decreasing temperature.
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FIG. 1. PL evolution with increasing temperature (schematic illustration). The low-temperature PL is dom-
inated by emission from localized states, while extended states contribute to the high-temperature spectra.
The transition takes place at a critical temperature Tc; it is accompanied by widening of the PL spectrum in
a narrow temperature region near Tc.
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FIG. 2. Processes included in the model: 1 – electron-hole pair generation, 2 – an electron capture to a
localized state, 3 – an electron release to extended states, 4 and 5 – an electron/hole capture by a deep trap,
respectively, 6 and 7 – radiative recombination of an electron in extended and localized states, respectively.
See Table I for the list of symbols.
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FIG. 3. Temperature dependence of the free/localized CW radiative recombination ratio at various genera-
tion rates related to G0 in Eq. (10).
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FIG. 4. Steady-state carrier density as a function of temperature at low excitation intensity [G/G0 = 0.1,
see Eq. (10)].
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FIG. 5. Temperature dependence of the CW radiative recombination efficiency at various generation rates
related to G0 in Eq. (10). Circles show the model with localized states. Dashed lines correspond to the
original SRH model without localized states.
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FIG. 6. Temperature dependence of the CW radiative recombination efficiency calculated using different
methods: (a) an exact numerical solution of Eqs. (6)–(8) and the approximate analytical Eq. (31) with the
model parameters in Table I and the generation rate G = G0/10, (b) fitting to numerical results using
the single exponential form of Eq. (5) with parameters CA = 5807 and EA = 0.035 eV vs fitting with
Eq. (31) using parameters Nl/Nt = 6.6, A◦1 = 2.0 × 106, kT ◦ = 0.026 eV, α1 = 4.2, El = 0.021 eV,
u◦cv = 7.5 × 10−4, and α2 = −1.1. The approximate analytical solution on panel (a) is broken into two
contributions: recombination from localized states and extended states. The crossover between the two
mechanisms takes place at Tc.
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FIG. 7. CW radiative recombination rate as a function of generation at various temperatures. Circles
show the model with localized states. Dashed lines correspond to the original SRH model without localized
states. The vertical line is the saturation generation rateG0 defined in Eq. (10). The temperature is measured
relative to the critical temperature Tc [solution of Eq. (15)].
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